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Drying Hardwoods by Integrating 
Solar Energy, Wood Energy, 
and Dehumidification 
ELVIN T. CHOO NG AND CAROLYN B. POLLOCK 1 
Introduction 
In 1976, two solar dry kilns were designed and constructed at LSU, 
one with a horizontal flat-plate collector and the other with a box-type 
collector. Evaluation of the two kilns indicated that the box-type col!ector 
was well suited for southern climates and can generate sufficient heat to 
dry lumber on a commercial scale (Lumley and Choong, 1979, 1981). 
Although solar dry kilns are promising alternatives to conventional wood 
dry kilns, the energy source is intermittent. Therefore, efficient solar 
drying requires an additional energy source to compensate for the weather 
conditions and diurnal and seasonal fluctuations. In addition, the source 
should have the capability to rapidly remove moisture from the wood in 
the hygroscopic range. 
Air drying wood in Louisiana is a lengthy process; relative humidity 
is generally high, and the equilibrium moisture content rarely gets below 
15 percent moisture content. Usually , high quality lumber must be dried 
to 10 percent moisture content. A supplementary heat source in a solar 
kiln would not only reduce the needed collector size but would also 
remove the diurnal fluctuations . Also, the drying temperature can be 
raised to accelerate the drying process. 
A number of wood drying studies have been made to combine solar 
energy with dehumidification drying (Chen et al. 1982; Chen and Rosen , 
1982) or solar drying with wood energy (Tschernitz and Simpson, 1985). 
Combined-energy-dry kilns require less energy and dry wood faster with 
less drying degrade than solar-dry kilns . 
This study was undertaken to design and test a solar kiln that has an 
external collector, a wood energy system, and a dehumidification system. 
The supplemental drying heat sources accelerate the hardwood drying 
process and allow for drying 24 hours per day independent of the weather 
conditions . 
'Professor and Research Associate, respectively , School of Forestry , Wildlife, and 
Fisheries, Louisiana Agricultural Experiment Station, LSU Agricultural Center, Baton 
Rouge, La. 70803 . 
This research was supported in part by the Mcintire-Stennis Cooperative Forest Re-
search Program. The authors acknowledge JoAnn V. Doucet for her contribution to data 
collection. 
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General Description of the Dry Kiln 
General Principles of Operation 
The kiln (Figure 1) consi ts of a collector, a drying chamber, a hum-
idification system, a dehumidification system , and a wood-fired heating 
system. The collector is located on top of the drying chamber. Two vents 
permit the flow of hot air from the collector to the drying chamber. 
Dampers on the solar collector vents are activated by electric damper 
motors that are controlled by differential thermostats. An electrically 
operated overhead fan is u ed to circulate warm air inside the drying 
chamber. Relative humidity (RH) i controlled by a humidification and 
a dehumidification system. A humidistat , which can be set from 0 to 100 






Figure I .-Cross-sectional view of experimental dry kiln (ff-humidifier; DH-
dehumidifier; D---damper; OM-damper motor). 
4 
are generally set high in the beginning of the run and low in the final 
stages of drying. The dehumidifier , which removes moisture from the 
drying chamber, is controlled by a timer. The dehumidifier operates when 
solar energy is not available or when the boards are at low moisture 
contents by recycling the heat and lowering the humidity. A semiauto-
matic wood fuel heating system is utilized on days when little or no solar 
input is available. A vent leading from the furnace to the drying chamber 
is also controlled by differential thermostats. Heated air from the furnace 
is pulled into the drying chamber by a blower and discharged by an 
overhead fan that circulates the air through the lumber stack. 
Construction Details 
Solar Collector 
Lumley and Choong ( 1981) have shown through computer simulation 
that the optimum glazing angle for maximum year-round performance of 
the kiln is 49°. In this study, the surface is slanted at an angle of 45° to 
achieve a better performance during the summer months when poor cli-
matic conditions are frequent in Louisiana. 
The collector faces due south and is located above the drying chamber. 
The collector has a base 7 feet in length, 8 feet in width, and 7 feet in 
height. A single layer of fiberglass reinforced with polyester covers the 
surface. The absorber surfaces , which are metal sheets painted flat black, 
provide an effective collector area of 140 square feet. Once the solar 
energy has been absorbed by the black absorbing surfaces , the hot air is 
transferred into the drying chamber. 
Air Circulation System 
Air is circulated within the collector by a small electrically operated 
fan positioned in the back wall of the collector. A second electrical fan 
is located between the collector and the drying chamber. This fan is 
powered by a 1/4-horsepower motor mounted outside the drying chamber 
and is controlled by a manual switch. It provides an air velocity of about 
200 feet per minute and is used to circulate warm air through the lumber 
stack. Both circulating fans operate continuously throughout the charge 
and are independent of temperature and humidity controls. 
Drying Compartment 
The inside dimensions of the drying chamber are 5 feet in length , 3 
feet in width, and 3 feet 3 inches in height, which accommodates up to 
150 board-feet of lumber. The kiln is manually loaded through two doors 
in the south wall . The walls are made of 2 x 4 studs covered with 1/2-
inch exterior grade plywood insulated with 4-inch urethane sheets . Mastic 
(Vi-Cry! CP-II, Childrens Products Co.) was applied between insulation 
crevices and on the interior wall faces to serve as a moisture barrier. The 
walls were then coated with aluminum paint. The ceiling of the drying 
chamber is %-inch plywood. Attached to the underside of the ceiling is 
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the humidifier. On the top side of the drying chamber's ceiling are three 
damper motors, two for the solar vents and one for the furnace vent. 
Dehumidification System 
A dehumidifier (Ebac Mini Model LD82) is located adjacent to the 
drying chamber on the east wall and is controlled by a Deko-lab timer. 
The dehumidifier operates at intervals of 20, 40, 60, 80, and 100 percent 
of each hour. It has the capacity to extract water at 3 gallons per 24 hours 
at a maximum kiln temperature of l l5°F. Heat is added to the kiln as 
air flows over the condenser coils, and water vapor in the air is condensed 
in the evaporation coils. 
Wood Biomass Burner 
The fuel system, a Crosswinds Model 2430 wood/coal furnace, with 
20,000 Btu per hour capacity , i located directly north of the drying 
chamber (Figure 1). It is covered with a jacket designed to insulate and 
trap hot air. A blower forces heated air from the furnace chamber through 
a duct into the drying chamber. Heated air is then discharged by an 
overhead fan that circulates the air through the lumber stack. Kiln air is 
returned through a duct to the furnace blower, where it is heated and 
forced back into the drying chamber. 
Control Room 
The control room is located adjacent to the kiln. The room contains a 
panel box that houses all the electrical switches to operate the kiln. A 
schematic-wiring diagram of the panel box includes switches to operate 
two solar dampers, which are controlled by two differential thermal com-
parators; three furnace dampers, controlled by two differential thermal 
comparators; a humidistat; a dehumidistat; a solar collector fan; and an 
interior circulating fan (Figure 2). 
The control room also hou e in truments used to monitor hourly kiln 
drying parameters. Solar radiation (Btu per square foot) was recorded 
using a pryonometer sen or attached to a LI-550 printing integrator. 
Relative humidity was recorded using a dry bulb-wet bulb Honeywell 
temperature recording chart. A Campbell Scientific 21-XL micrologger 
u ing copper-constantan thermocouples was programmed to record kiln , 
solar collector, and ambient temperatures. 
Control and Operation 
Solar-Only (typical 24-hour control sequence) 
Two damper work imultaneou ly and continuously throughout a con-
trol sequence to permit the flow of warm air from the solar collector to 
the drying chamber. The damper are activated by a differential thermostat 
that compares the solar collector temperature with the drying chamber 
temperature . At et point (u ually 90°F for the collector and l 70°F for 
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Figure 2.-Schematic-wiring diagram for the dry kiln (cs-control switch; cfs---
circulation fan switch [kiln]; ds---dehumidifier switch; hs---humidifier switch; sfs---
solar circulation fan switch; scs---solar control switch; sms---solar manual switch; 
fcs---furnace control switch; fms---furnace manual switch; DC-dehumidifier con-
trol; ff-humidistat; RI-relay [humidifier]; R2-relay [solar]; R3-relay [furnace]; 
Tl-solar collector thermostat; T2-kiln chamber thermostat; Tl-furnace ther-
mostat; T4-kiln chamber thermostat; r,-relay contact [humidifier]; r1-relay con-
tact [solar]; r3-relay contact [furnace]; SD----solar damper; ED--exhaust damper; 
KD-kiln damper; AT-auto-transformer; X-:--pilot light; WM-watt-meter. 
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During the early morning hours, the temperature in the collector is 
low. In this case , the chamber is isolated from the collector. As the sun 
rises , the temperature in the collector increases. When the temperature 
reaches the minimum thermostat set point and is above the desired tem-
perature in the drying chamber, the dampers open to permit warm air to 
flow into the drying chamber. An electrically operated fan circulates air 
inside the drying chamber. The solar dampers open only when the col-
lector is warmer than the kiln chamber. When the kiln chamber temper-
ature reaches the maximum set point ( l 70°F) the automatic control causes 
the damper motors to close the dampers. The dampers remain closed 
until the temperature of the chamber drops below the temperature of the 
solar collector, at which time the dampers reopen allowing the heated air 
to flow from the collector to the drying chamber. 
The solar dampers are activated intermittently throughout the day . As 
the day progresses , the temperature in the collector drops below the 
temperature in the drying chamber and the solar dampers close. The 
dampers remain closed until the next morning . During this period the 
drying chamber is isolated from the collector to minimize heat loss. 
Drying then proceeds without solar heat input and is dependent upon 
stored heat from the wood stack. 
Biomass Fuel Operation 
A wood fuel combustion system was incorporated into the kiln to 
increase the drying capabilities by operating at night and on cloudy or 
rainy days . Heat from the furnace can be varied manually by controlling 
the combustion air and the amount and quality of fuel charge. Two 
Honeywell thermostats work in conjunction to activate the furnace dam-
pers , usually at a minimum of 90°F for the furnace and , for safety pre-
caution, a maximum of l 35°F for the drying chamber. As the furnace 
temperature increases to the desired et point , the furnace damper opens, 
which simultaneously activates the blower to circulate warm air through 
the lumber stack. At the maximum et point, the furnace damper closes , 
keeping excessive heat from damaging the lumber by venting hot air into 
the atmosphere. The furnace damper can be controlled by a manual bypass 
switch. 
Experimental Methods 
Several species of hardwood lumber were kiln- and air-dried in 16 runs 
from May 1985 until May 1988. The species used in this study were red 
oak (Quercus spp.) , yellow-poplar (Liriodendron tulipifera L.), hack-
berry (Celtis occidentalis L. ), sweetgum (Liquidambar styracijlua L.) , 
American elm (Ulmus americana L.), ash (Fraxinus spp .), hickory 
(Carya spp.) , and white oak (Quercus alba L. ). 
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The integration of three energy sources in constantly fluctuating solar 
conditions required considerable experimentation; therefore , several 
drying schedules were tested. An analysis of variance and Duncan' s 
multiple range test on drying time were used to evaluate drying schedules. 
Drying degrade , weather, and climatic variations were also considered 
when evaluating drying schedules. 
At-test was done for each charge by species to test differences between 
kiln-dried and air-dried drying rates. The results of these analyses are 
given when comparisons between air-dried and kiln-dried times are men-
tioned. 
Three basic drying modes tested were: 
1. Variable drying modes , with mixed species (three kiln charges, 
numbers 1, 2, and 3) 
2. Variable drying modes , with yellow-poplar and red oak (nine kiln 
charges, numbers 4 through 12) 
3. Fixed drying modes , with mixed species (four kiln charges , num-
bers 13 through 16) 
The lumber used in the experiments was obtained from local sawmills 
off the green chain in 12-foot lengths. Green 4/4 No. 2 Common lumber 
6 inches wide was cut to 4 .5-foot lengths for the first three runs (60 
boards per run) , and to 2-foot lengths for all other runs (120 boards per 
run) , including those used in all air-drying runs (four boards per species 
per run) . 
In kiln-drying , eight moisture content sample boards per species were 
monitored to determine the drying rate of the stacks. The sample boards 
were weighed every 24 hours during the kiln run until 15 percent moisture 
content (MC) was reached. These daily average moisture content values 
by species were used to produce the drying curves in figures 5 through 
13. The current moisture content of the boards , as represented by the 
eight 1-foot samples per species , were determined by the current weights 
and calculated oven-dry weights . All boards were weighed to the nearest 
0.01 pound before and after drying . Before cutting to specific lengths, 
two moisture content sections about 1 inch thick and 2 inches from the 
end were obtained from each board (Figure 3) to determine their moisture 
contents and calculated oven-dry weights. All drying boards were end-
coated with commercial sealants (Weldwood plastic resin and Geocel 
elastomeric copolymer) . 
For kiln charges 1 through 3, the drying run consisted of 135 board-
feet in one stickered pile of four rows 30 inches deep, 4 .5 feet wide, and 
2.5 feet high. All other runs consisted of 120 board-feet in two stickered 
piles of four rows 30 inches deep , 2 feet wide, and 2.5 feet high (Figure 
4) . The stickers were %-inch thick and 1-inch wide, and placed in 15 
tiers. At the end of drying, two sections 1-inch thick and 2 inches from 
the ends were cut from each board to evaluate casehardening and moisture 
9 
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Figure 3.-Preparation for kiln and air samples. 
Figure 4.--Stack arrangement for kiln charges 4 through 16. 
10 
content, both expressed in terms of the average value per board per 
species . Each board was inspected for warp and checks , which are ex-
pressed as the percentage of boards per species that have these defects . 
The total number and length (in millimeters) of surface checks, end 
checks, and end splits were measured. Bow and cup were measured in 
millimeters of deviation from the flat plane. The same procedures for the 
determination of moisture content and drying defects were used for air-
drying runs. 
Results and Discussion 
Kiln-drying curves were plotted from the mean daily moisture content 
of eight sample boards per species (figures 5 through 13). Air-dry curves 
were plotted from the periodically weighed mean moisture content of the 
four air-dry boards per species (figures 5 through 13) . Included in figures 
5 through 8 are the hourly kiln and ambient temperatures, kiln relative 
humidity , and total daily solar insolation. 
The drying parameters for the kiln charges are also presented in Table 
1. The kiln was tested under optimal as well as poor climatic conditions. 
Overall, the kiln maintained an average temperature of 100.6°F during 
the daytime and 91.7°F at night. The average ambient temperatures were 
77.4°F during the daytime and 69.1 °F at night, a difference of 23.2°F 
and 22.6°F, respectiv~ly . Solar-drying and ambient temperature differ-
ences between kiln charges ranged from l 6°F in the summer and fall to 
23°F for the winter charge. Comparison between kiln-drying times and 
air-drying times for the various kiln charges are presented in tables 2, 3, 
and 4 . 
The quality of the seasoned lumber for each of the 16 loads is sum-
marized in tables 5, 6, and 7. Both casehardening and warping were quite 
pronounced, occuring in almost 50 percent of the boards in all the drying 
runs . Casehardening is a result of residual stresses at the end of the drying 
process , but this can be relieved at the completion of drying by proper 
conditioning treatment at elevated temperature and humidity , and there-
fore the significance of casehardening in this study is considered not 
important. No provision was made to relieve casehardening, other than 
to increase the relative humidity slightly at the end of the drying runs in 
several of the kiln charges. Warping, on the other hand , is a result of 
distortion from the true plane due to differences in anisotropic shrinkage, 
and it tends to occur in poor quality (i.e . No. 2 Common) lumber with 
large percentages of juvenile wood . During drying, warping can be greatly 
minimized by proper mechanical restraining technique; however, this was 
not done in this study. 
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Table 1.-A verage drying parameters for the various kiln runs 
Kiln D!J::ing Period Teme:erature Relative Insolation Cloud Oiarge Season Inclusive Dates Kiln Ambient Solar Humidity Cover 
Day Night Day Night Collector (Kiln) 
...... ......... .. 
(OF) 
··· ····· ······· 
(%) (Btu/ft2-day) (%) 
A. VARIABLE DRYING HODES -- Mixed Sl!ecies 
1 Spring 6-4/6-14-85 102 96 88 116 72 2160 43 
2 Summer 6-20/7-18-85 107 105 84 81 115 62 936 43 
3 Sumner 8-19/9-17-85 103 95 87 79 100 61 1536 42 
B. VARIABLE DRYING HODES -- Yellow-1?21!lar & Red Oak Series 
4 Fall 9-20/10-11-85 98 89 77 69 92 58 1512 10 
5 Fall 10-14/12-2-85 87 82 72 66 84 936 64 
N 6 Winter 12-4/1-15-86 83 77 55 47 69 73 888 37 
7 Winter 1-17/3-3-11~ 84 77 61 54 76 73 1104 41 
8 Spring 4-22/5-6-116 126 114 78 69 207 44 1920 44 
9 Summer 6-20/7-9-86 118 113 86 79 159 11 41 1872 29 
10 SW11111er 8-21/9-23-86 108 100 86 78 122 1 I 47 1608 39 
11 Fall 10-23/11-14-86 93 83 69 62 100 60 1104 54 
12 Winter 2-5/3-'15-87 92 78 62 53 75 45 1008 54 
C. FIXED DRYING HODES ~ Mixed Si!ecies 
13 Spring 5-14/6-8-87 104 91 86 75 100 58 1800 14 
14 Summer 6-23/7-17-87 105 95 87 78 101 57 1800 30 
15 Summer 8-20/9-29-87 101 90 86 75 97 57 1560 19 
16 Fall 10-2/10-27-87 99 82 75 61 89 51 1536 16 
I / 
Includes effect of heat from furnace. 
Table 2.-Comparison of variable drying modes with mixed species between kiln-drying (eight drying rate sample boards per species) 
and air-drying time (four drying rate sample boards per species) 
Kiln Days in Ini tial Final l / Kiln-d!)'.ing Time to21 Ai r - d !)'.ing Time 3/ Species t o Olarge Ki ln MC MC 30%HC 20%HC 15%HC 30%HC 20%HC 15%MC 
(%) ( %) ••••• •• ••• (days) .......... ••••••••• (days) . .... .. ... 
l 10 Yellow-poplar 8S.O 15 . 0 (3 . 1)
41 5 (7 . 8) 8 (4 . 6) 10 (4 . 3) 6 (14 . 3) 18 (1.4) . 26 (0 . 9) 
Yellow- poplar 83 . 6 6 . 9 (0 . 3) 6 (12 . 8) 8 (4 . 8) 9 (2.8) 7 (12 . 8) 9 (6.1) 22 (2 . 3) 
2 ~8 Hackberry 86 . 9 7 . 0 (0 . 2) 6 (1. 5) 8 (1.6) 9 (1. 5) 10 (3.8) 2l (3 . 6) 39 ( 2. l) 
Red oak 91 . 3 8 . 8 (2 . 2) 14 (1.4) l7 (1.4 ) 20 (1. 7) 22 (8 . 4) 33 (3 . 8) 61*(2 . 6) 
Ash 43 . 6 8 . J. (0 . 5) 6 (O . l ) 11 (0. 6) 17 (0 . 4) 3 (5.3) 21 (1. 4) 50 (O . 6) 
3 29 Hackberry 95 . 0 7.8 (0 . 5) 6 (3 . 5) 8 (4 . 6) 10 (4 .3) 8 (5 .1) 13 (4 . 9) 22 (6.4) 
Red oak 86 . 3 11. 7 (6 . l) 9 (1. 4) 11 (1. 1) 13 (0 . 4) 31 (11.l) 44 (3 . 8) 
!/Sample size fo r kiln charge i-· 120, sample size for kiln charges 2 & 3 - 40 per species , two MC samples/board. 
2~sample size - 16 , two MC samples/board . 3 Sample size - 8, two MC samples/board . 4 /Number in parenthesis refers to standar d deviation. 
*Drying time t o l7%MC . 
Table 3.-Comparison of variable drying modes (eight drying rate sample boards per species) and air-drying time (four drying rate 
sample boards per species) 
Kiln Days in Initial Fina111 Kiln-d!):ing Time to 21 Air-d!):ing Time 3/ Species t o Olarge Kiln MC MC 30%11C 20%MC 15%MC 30%MC 20%11C 15%11C 
(%) (%) .......... (days) . ......... . ... . .... (days) . .... ..... 
4/ 
4 21 Yellow-poplar 98 , 5 7 . 9 (0 . 5) 9 (7 .8) 11 (4 . 1) 13 (2 . 9) 15 (1.9) 19 (O . 6)- 52*(1. 0) Red oak 88.9 15 . 9 (6 . 8) 15 (2. 9) 19 (2 .3 ) 25** 16 (3.4) 47 (1.1) 
5 49 Yellow-poplar 134 .0 9 . 0 (0. 7) 14 (11. 3) 20 (5 . 1) 22 (4 . 0) 22 (12 . 9
) 46 (1.5) 73 (1. 5) 
Red oak 81 , 0 14 . 4 (4 . 0) 27 (5 . 9) 37 (3 . 8) 46 (2 . 2) 52 (5 . 4) 98 (2. 7) 
6 42 Yellow-poplar 118.4 6 . 7 (0.5) 13 (8.8) 15 (6. 3) 17 (6.3) 16 (2.1) 35 (1.8) 44*(1.0) Red oak 81.4 7 . 0 (2 . 5) 20 (4 . 9) 29 (3.5) 37 (2.5) 40 (9.8) 
45 Yellow-poplar 98 . 0 6 . 6 (0 . 4) 9 (11.0) 11 (9 . 8) 15 (4 .3) 9 (4 .1) 12 (3.9) 14 (3 . 7) Red oak 76.6 13 . 0 (2 . 5) 24 (3 .6) 40 (3 . 1) 48** 37 (2.2) 64 (1.9) 87 (1 , 0) 
~ 8 14 Yellow-poplar lll.8 5 . 0 (0 . 8) 5 (12.3) 6 (7.8) 8 (5.8) 13 (4 .6) 25 (1. 7) Red oak 89 . 4 16 . 9 (5 . 7) 10 (7,6) 14 (7 . 7) 48 (2.3) 83 ( 2 . 1) 
9 19 Yellow-poplar 96.l 6.2 (0 . 7) 4 (5 . 8) 6 (4 . 6) (3. 2) 7 (1. 
2) 24 (1.2) 87*(1.2) 
Red oak 89 . 0 15.5 (6 . 3) 12 (9 . 8) 18 (6 . 2) 52 (4 .0) 85 (2. 5) 109*(1.5) 
10 33 Yellow-poplar 8n,5 6 . 1 (0.6) 5 (11.8) 7 (9.9) 10 (7 .6) 4 (4 . 0) 12 (1. 7) 25*(1.0) Red oak 83.3 10.1 (2.0) 20 (2 . 7) 26 (2 . 6) 30 (2.4) 32 (1.9) 69 (1.6) 140*(1. 5) 
11 22 Yellow-poplar 127.9 6 . 7 (0 . 8) 12 (6.3) 14 (3. 7) 16 (2 . 9) 14 (3 . 4) 46 (2 . 4) 165 (2 . 3) Red oak 74 . 4 13 . 4 (6 . 3) 15 (5 . 9) 18 (5 . 9) 21 (5 . 7) 46 (6 . 6) 109 (2 . 7) 165 (1. 3) 
12 39 YellO\ol-poplar 100 . 8 6 . 6 (3 .4) 9 (5.5) 13 (3 . 7) 17 (2.8) 13 (6.0) 32 (1. 7) 60 co . 7) Red oak 80 . 0 12 . 4 (3.0) 25 (3 . 2) 32 (3 . 0) 38 (2 . 6) 38 (4.0) 60 (3.0) 85 (1.6) 
~~Sample size - 120 , two MC samples/board . 
31 sample size - 16, two MC samples/board . 
41sample size - 8 , two MC samples/boa rd. deviation Number in parenthesis refers to s tandard 
*Drying time to 17%MC 
**Drying time to 15% by extrapolated estimate . 
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Table 4 .--Comparison of fixed drying modes between kiln-drying (eight drying rate sample boards per species) and air-drying time 
(four drying rate sample boards per species) 
Kiln Days in Initial Final l/ Kiln- d!)'.ing Time to21 Air-d!)'.ing Time 3/ Species t o Olarge Kiln MC MC 30%MC 20%MC 15%MC 30%MC 20%MC 15%MC 
( %) ( %) 
····· ···· · 
(days) 
·· ··· ····· 
...... ... (days) 
·· ·· ······ 
AmP.:rican e lm 125.2 6 . ~ (0 . 9)•41 12 (9 . O) 15 (5 . 0) 17 (3 . 8) 14 (2 . 5) 32 (1.0) 63 (1.0) 
13 25 Swee t gum 105 . 7 9.4 (5.9) 13 (8 . 4) 16 (7. 7) 19 (6.9) 13 (5 .1 ) 18 (2 . 9) 22 ( 2.3) 
Red oak 93 .l 13.9 (6 .3) 17 (ll.°0) 21 (10.6) 24 (9 . 3) 36 (7.2) 62 (3 . 5) 99*(1.2) 
Ash 49 . 4 8.2 (0 . 9) 5 (2.3) 11 (1.9) 16 (1,2) 7 (0 . 5) 22 (0.6) 93 (0.3) 
14 24 Hickory 54 . 8 9.2 ( 1. 7) 7 (1.8) 14 (1.4) 18 (1.1) 10 (1.1) 23 (1.0) 93 (1.1) 
Red oak 92.2 14.2 (6.8) 16 (10 . 4) 20 (9. 5) 23*(8.l) 59 (2.8) 91 ( 1. 7) 122 (1.0 ) 
4051 
Hackberry 110.1 8 . 3 (O . 7) 13 (3.9) 19 (1.9) 25 (1 . 3) 18 (5.1) 29 (3 . 4) 44 (1.4) 
15 White oak 82 . 3 13 .2 (2.6) 23 (2 . 5) 32 (3 . 0) 39 (2 . 8) 30 (4.2) 58 (4. 5) 64*(5.6) 
Red oak 100 . 8 13 . 3 (3.9) 27 (4 . 1) 34 (3.6) 39 (3 , 2) 28 (8 . 6) 44 (6. 5) 63 (4. 2) 
Ash 39 .9 6.1 (0 . 6) 4 (3 . 9) 11 (1.9) 16 (1.2) (2 . 3) 13 (0.8) 59 (0 . 6) 
16 25 Sweetgum 103 . 2 7 . 9 (2 . 2) 10 (12 . 0) 16 (8 .0) 19 (6 . 2) 21 (1. 7) 48 (0 . 3) 179*(1. l) 
Red oak 82 . 2 14.5 (5 , 8) 18 (9 . 2) 23 (8 . 0) 24* (7 .6) 59 (2.1) 171 (l.'3) 215*( 1. l) 
1/ 
21 sample size - 80 , two MC samples/board. 
31 sample size - 16, two MC samples/board. 
41 sample size - 8 , two MC samples/board. deviation. 51 Number in parenthesis refers to standard Drying was extended without air circulation for 7 days due t o malfunction of the fan . 
*Drying time t o 1 7%MC. 
Table 5.-Drying defects in the variable kiln-drying modes with mixed species' 
Kiln Drying Hodes Species Surface Internal Case- llarp Charge No . Boards Checks Checks hardening 
(:) ( %) (%) (%) 
60 *DH lst 4 days; SL there- Yellow-poplar 0 u 
after . DH last 2 days . 
60 DH day time lst 6 days; Yellow-poplar 0 0 53 35 
DH all day thereafter . Hackberry 0 0 83 40 
Red oak 30 35 81 38 
3 60 SL only . Ash 5 0 62 10 
Hackberry 0 0 56 35 
Red oak 15 25 77 15 
*DH - Dehumidifcation; SL - Solar ; FN - fu rnace . 
Solar operated together wi th dehumidification during the day-time hours, unless specified otherw ise . 
11
s urface checks, internal checks, and warp are expressed in terms of the percentage of boards chat 
possessed these defects; casehardening is expressed in t erms of the ave ra ge value per board . 
Table 6.-Drying defects in the variable kiln-drying modes with yellow-poplar and red oak'. 
Kiln 















*SL 1st 3 days, DH day- Yellow-poplar 
time 13 days, DH all day. Red oak 
SL only . Yellow-poplar 
Red oak 
SL 1st 8 days, DH and Yellow-poplar 
SL thereafter . Red oak 
SL only. 
SL and FN , DH ldst 
7 days . 
Yellow-poplar 
Red oak 
Y ellow-j)Opla r 
Red oak 
SL and FN, DH 40%-20%MC. Yellow-poplar 
Red oak 
SL until FSP; SL , FN Yellow- poplar 
and DH 30-15:11C . Red oak 
SL to 35%MC; SL and FN Yellow-poplar 
35-30%MC; SL, FN and DH Red oak 
below 30%MC. 
SL t o 35%MC; SL and FN Yellow-poplar 
35-30%MC; SL, FN and DH Red oak 
below 30%MC. 














































































Solar operated together with dehumidification during the day- time hours, unless specified otherwise . 
l/Surface checks , internal checks and warp are expressed in terms of the percentage of boards that 
possess these defects; casehardening is expressed in terms of the average value per board. 
Table 7 .-Drying defects in the fixed drying modes with mixed species' 
Kiln No. Boards Drying Hodu Species Surf ace Internal Case- llarp Charge Checks Checks hardening 
(%) (%) ( %l (%) 
13 120 *SL to 35%MC; DH 35-30%MC; Ar.i.
 Elm 0 0 72 68 
FN and DH 30-15%MC. Sweetgum 0 0 83 
63 
Red oak 13 5 62 20 
14 120 
--- Same ---
Ash 0 0 75 40 
00 
Hickory 3 0 89 35 
Red oak 8 5 68 48 
15 120 --- Same --- Hackberr
y 0 0 51 35 
llh i te oak 10 0 75 60 
Red oak 18 0 65 70 
16 120 --- Same ---
Ash 0 0 85 48 
Sweetgum 5 0 73 65 
Red oak 13 0 78 23 
*DH - Dehumidification; SL - Solar; FN - Furnace. 
Solar operated together with dehumidification during the day-time hours, unless spec ified otherwise . 
11
surface checks, internal checks and warp are expressed in terms of the percentage of boards that 
possess these defects; casehardening is expressed in terms of the average value per board. 
Variable Drying Modes-Mixed Species 
Several trial runs were conducted with hardwood species to determine 
the suitability of the kiln for drying lumber. The following three kiln 
charges describe the performance of the kiln. 
Kiln Charge 1 (Yellow-poplar) 
The drying scheme of this charge included dehumidification in con-
junction with solar energy for the first few days of drying until 60 percent 
MC was reached and for the last 2 days of the run . Drying from 85 to 
15 percent MC was significantly faster in kiln-dried boards (10 days) than 
in air-dried boards (26 days). Surface checking occurred on 25 percent 
of the air-dry boards and in only 3 percent of the kiln boards. No internal 
checks or honeycombing developed in any of the boards . The average 
percent of casehardening per board was 0 for air-dried and 12 for kiln-
dried . 
Kiln Charge 2 (Yellow-poplar, hackberry, and red oak) 
The dehumidifier was used from 8 AM to 8 PM for the first 6 days , 
followed by continuous use until 15 percent MC was reached by red oak. 
Both yellow-poplar and hackberry dried from green to 15 percent MC in 
. 9 days. Yellow-poplar and hackberry air-dry boards dried from green to 
15 percent MC in 22 days and 39 days , respectively . Both took signifi-
cantly longer times to air-dry. Red oak kiln-dried from green to 15 percent 
MC in 20 days . Air-dried red oak boards dried from green to 20 percent 
MC in 46 days , significantly slower than kiln-dried boards , and never 
reached 15 percent moisture content. A continuous schedule of dehum-
idification combined with solar heat proved to be too harsh. Red oak 
showed severe defects with 35 percent of the boards developing honey-
combing and 30 percent showing surface checking. Cupping was reported 
on 52 percent of the red oak boards. Neither yellow-poplar nor hackberry 
had any honeycombing. Casehardening percentage was very high for both 
red oak (81 percent) and hackberry (83 percent) . 
Kiln Charge 3 (Ash, hackberry, and red oak) 
In this summer charge, solar heat was used without the use of the 
humidifier or dehumidifier (Figure 5). Red oak dried from green to 15 
percent MC in 13 days, compared with air-drying that took 37 days to 
reach 30 percent MC, 83 days to reach 20 percent. Air-dry boards never 
reached 15 percent MC. Twenty-five percent of the kiln-dried red oak 
boards showed signs of honeycombing and averaged 77 percent case-
hardening . With an initial moisture content of 44 percent, ash took the 
longest to dry. It took 17 days to dry to 15 percent MC compared with 
50 days for air-drying . Some surface checking did occur; however, no 
end or internal checking or honeycombing were found . Cupping did not 
occur on any of the ash boards; however, bowing was measured on 50 
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Figure 5.-Comparison of kiln- and air-drying of red oak, ash, and hackberry in 
kiln charge 3 using only the solar mode. (The horizontal axes in relative humidity, 
temperature, and insolation have the same scale as moisture content.) 
20 
to 15 percent) in 11 days with no surface checking or honeycombing. 
Air-dried hackberry took 22 days to reach 15 percent MC. All three 
species dried significantly faster in the solar-kiln compared with air-
drying. However, defects for red oak and ash boards were unacceptable. 
Variable Drying Mode-Yellow Poplar and Red Oak 
Nine kiln runs were made using yellow-poplar and red oak dried to-
gether to determine the best schedule. Yellow-poplar is quite easy to dry , 
whereas red oak is refractory; therefore, the use of these species represents 
an extreme range of drying with respect to drying time and drying defects . 
Moreover, we can compare our results with other published data on solar-
dehumidification (Chen and Rosen, 1982; Chen et al. , 1982) and solar-
wood (Tschernitz and Simpson , 1985) drying using these species . The 
three energy sources-solar, wood , and electric dehumidification-were 
used either separately or in conjunction with each other in each run. For 
the remaining kiln- and air-dried runs , the boards were cut to 2-foot 
lengths and dried to 15 percent MC; therefore, stated drying time from 
initially green condition was to 15 percent MC unless otherwise noted. 
In most variable drying mode charges , kiln boards dried faster than air-
dried boards . 
Solar Mode 
During the fall and winter of 1985-1986, two runs were made using 
only the solar mode. The time necessary to solar-dry yellow-poplar in 
the fall (kiln charge 5) from 134 percent MC was 22 days compared with 
73 days for air-drying (Figure 6) . For the winter run (kiln charge 7), 
solar- and air-dried yellow-poplar board both exhibited similar drying 
rates (Figure 7) ; the former took 15 days and the latter 14 days to dry 
from 98 percent MC . The difference between kiln and ambient temper-
ature was greater in the winter run (23°F) than in the fall run (16°F). The 
longer drying period in the fall, as compared with that in the winter, is 
due to the fall rainy weather. In the fall, the cloud cover was 68 percent 
and the daily average isolation was 936 Btu per square foot ; whereas in 
the winter they were 35 percent and 1, l 04 Btu per square foot , respec-
tively . 
The quality of the lumber was slightly better in the winter run than in 
the fall run. There was no visible checking or warping for the winter run, 
and casehardening was 25 percent for the kiln-dried boards and 8 percent 
for the air-dried boards. Conversely , there were no visible defects for the 
fall run in the air-dried boards , but 7 percent of the kiln-dried boards had 
internal checking, and 5 percent had surface checks. Casehardening, 
however, was minimal (i.e. less than 10 percent). These results compare 
favorably with published values. Chen ( 1981) reported that yellow-poplar 
boards solar-dried in Illinois took 8, 27 , 53 , and 28 days to dry from 
100 percent to 15 percent MC in the summer, fall , winter, and spring, 
21 
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Figure 6.-Comparison of kiln- and air-drying of red oak and yellow-poplar in kiln 
charge S using only the solar mode. (The horizontal axes in temperature and in-
solation have the same scale as moisture content.) 
respectively , wherea air-dried board took 16, 168, 111 , and 33 days 
to reach the same moisture content respectively. However, in this study, 
the ratio of olar glazing area to lumber volume i approximately 0.475 
quare foot per board-foot , wherea Chen' wa 0.244 square foot per 
board-foot. 
The drying rate for kiln-dried red oak boards were similar for the fall 
and the winter runs , with the exception of the time it took to dry in the 
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Figure 7 .-Comparison of kiln- and air-drying of red oak and yellow-poplar in kiln 
charge 7 using only the solar mode. (The horizontal axes in relative humidity, 
temperature, and insolation have the same scale as moisture content.) 
MC in both runs, and an additional 19 days from 30 percent to 15 percent 
MC in the fall and 24 days (estimated by extrapolation) in the winter. 
The winter run had more defects , with 20 percent of the boards developing 
honeycombing compared with 13 percent for the fall run . Likewise surface 
checks appeared on 42 percent of the boards dried in the winter compared 
with 15 percent for the fall boards. Air-dried boards took 98 days in the 
23 
fall and 87 days in the winter. Lumley and Choong (1981) , with a solar 
glazing area to charge volume of 0 .073 square foot per board-foot , re-
ported that 6/4 red oak in Louisiana took 29 days to reach 15 percent 
MC from the green condition by solar-drying and 104 days by air-drying 
in the summer, compared with 66 days by solar-drying for 4/4 red oak 
in the winter. 
Oliveira et al. (1982), using a greenhouse-type solar lumber dryer 
(0. 151 square foot per board-foot glazing area to charge volume) , reported 
that 4/4 oak lumber took 80 days to reach 20 percent MC and 125 days 
to 6 percent MC in the winter in Virginia, whereas an air-drying pile 
reached 20 percent MC in 105 days and 14 percent MC in 162 days. 
Simp on and Tschernitz (1984) indicated that , with a ratio of solar glazing 
area to lumber volume of 0.167 square foot per board-foot, they could 
solar-dry 2.9-centimeter northern red oak from green to 8 percent MC in 
54 days in the summer in Wiscon in . 
Furnace Mode 
The furnace was tested in the spring and the summer of 1986. In the 
spring (lci ln charge 8), the furnace was used continuously between 7 AM 
and 11 PM. The average lciln temperature was 120°F, which is 46°F 
above the average daiJy ambient temperature. It took only 8 days for 
yellow-poplar to dry from 112 percent MC to 15 percent MC, and 14 
days for red oak from 89 percent to 19 percent MC (Table 3). In contrast, 
air-drying took yellow-poplar 25 days and red oak 83 days to reach 20 
percent MC. The defects in thi lciln run were large. There was consid-
erable honeycombing in red oak (72 percent) but none in yellow-poplar. 
Casehardening, however, wa 71 percent for yellow-poplar and 55 percent 
for red oak. 
For the summer run (kiln charge 9), the furnace was used for 3 hours 
in the morning and for 6 hour after sun et. The solar collector supplied 
the necessary heat during the daytime. The average kiln temperature was 
l l5°F, which was 34°F above the average daily ambient temperature. 
The drying curve and defect for thi run were similar to the previous 
run for yellow-poplar and red oak. Surface and internal checks , however, 
were le s severe in red oak in thi run. 
Solar/Dehumidification Mode 
Two runs incorporated the humidification system with solar-drying. 
The fir t run (lciln charge 4) wa made in the fall of 1985 and used the 
solar heat for the initial tages of drying , after which time the dehumi-
dification system wa u ed only during the daytime until red oak reached 
20 percent MC. The dehumidifier wa u ed continuously for the remaining 
days of the run . Yellow-poplar dried from 99 percent in 13 days with no 
internal or external check , but average ca ehardening per board was 88 
24 
percent. Red oak dried from 89 percent in 25 days, with considerable 
defects (23 percent surf ace checks and 11 percent internal checks). In 
contrast, air drying red oak took 47 days and yellow-poplar took 19 days 
to reach 20 percent MC. The air-dried boards were pulled after 60 days 
because they equalized at 19 percent for red oak and 17 percent for yellow-
poplar. Air-dry defects were minimal. The average temperature of the 
kiln was 20 degrees higher than the average ambient temperature. 
The second dehumidification run (kiln charge 6) used the solar mode 
until 65 percent MC was reached by red oak and then the dehumidification 
system was used until 15 percent MC was obtained. The run took place 
in the winter of 1985-86 when the solar insolation was low (less than 
900 Btu per square foot) because of poor weather; hence, drying was 
slowed considerably. Red oak took 37 days to dry from 81 percent MC, 
and yellow-poplar 17 days from 118 percent MC. Defects were less than 
the previous run, with no honeycombing, and only 5 percent of the red 
oak boards had some internal checks. Conversely, because of the poor 
weather conditions, it took yellow-poplar 44 days to air-dry to 17 percent 
MC and red oak more than 40 days to 30 percent MC. 
Chen and Rosen (1982) dried red oak from 77 percent to 8 percent 
MC in 22 days in the summer and 36 days in the winter. This very 
efficient drying technique to low moisture contents was accomplished by 
a solar-dehumidification drying kiln, which operates at the expense of 
large electrical consumption. In another study using a similar system, 
Chen et al. ( l 982) dried yellow-poplar from 100 percent to 7 percent MC 
in 6 days in the summer and 18 days in the winter. 
Solar/Dehumidification/Furnace Mode 
A drying schedule was implemented for summer drying (kiln charge 
l 0) using solar heat until the charge reached approximately 30 percent 
MC, followed by solar heat, dehumidification, and daytime furnace until 
l 5 percent MC was reached by red oak. A mild conditioning period of 
high humidity and solar heat was used for the last 24 hours of the run. 
Drying curves indicate that yellow-poplar took 10 days to dry from 87 
percent MC and red oak 30 days from 83 percent MC. There were no 
internal checks and only slight surface checks. 
The next drying run (kiln charge 11) was made in the fall using solar 
heat and 80 percent humidity to 37 percent MC, followed by the solar 
heat and daytime furnace treatment until red oak reached 15 percent MC. 
At 30 percent MC, daytime dehumidification was also applied . The drying 
curves (Figure 8) show that yellow-poplar took 16 days to dry to 15 
percent MC from 128 percent MC, compared with air-drying, which took 
46 days to reach 20 percent MC. The air-dried boards equalized at 17 
percent MC and did not reach 15 percent MC until 165 days later. Con-













































































Figure 8.-Comparison of kiln- and air-drying of red oak and yellow-poplar in kiln 
charge J J using solar-dehumidification-furnace mode. (The horizontal axes in rel-
ative humidity , temperature, and insolation have the same scale as moisture content.) 
26 
compared with 109 days needed to reach 20 percent MC by air drying. 
Defects for this run were few. There were no internal checks in both 
species, but some surface checks (25 percent) occurred in red oak. 
The last drying run in this series (kiln charge 12) was conducted in 
the winter using the same schedule as the previous run . Poor weather 
conditions during this run (averaging 448 Btu per square foot solar in-
solation) forced the use of the furnace in the morning and mid-afternoon 
to aid in drying, since little or no solar insolation was available. Coin-
cidentally, the poor weather cleared up when red oak had reached 30 
percent MC. Consequently, the furnace was used for 29 straight days. 
Red oak drying curves indicate a slower drying rate compared with the 
previous run. Red oak took 17 extra days to dry to 15 percent MC (38 
days) than in kiln charge 11 (21 days), but yellow-poplar dried at about 
the same rate as the previous run (l 7 days) . Defects were somewhat more 
severe in red oak (40 percent surface checks and 7 percent internal checks) 
than in the previous run. 
Yellow-poplar consistently dried significantly faster than red oak in all 
nine variable drying mode charges. As might be expected, yellow-poplar 
had reached 15 percent MC in all but one run before red oak had reached 
30 percent MC. 
Fixed Drying Mode-Mixed Species 
The last four runs took place in the spring, summer, and fall of 1987 
(ki ln charges 13 , 14, 15 , and 16). All charges followed the schedule 
developed from the previous series of runs. Red oak was used as a guide 
in each of the four runs , with two other species included in each run. 
Each species was represented by 40 sample boards (40 board-feet). 
The schedule involves the following schemes: 
Green to 35 percent MC . . . .......... . . Solar heat at 80 percent RH 
35 percent to 30 percent MC ...... Solar heat and dehumidification 
(daytime) 
30 percent to 15 percent MC ... .. Wood heat and dehumidification 
(daytime) 
15 percent MC ... ........ Solar heat at 80 percent RH for 24 hours 
The drying rates are shown for sweetgum (Figure 9) , ash (Figure IO) , 
elm (Figure 11) , hickory (Figure 12) , and red oak (Figure 13). The results 
indicate excellent drying times compared with air-drying (Table 4). With 
the exception of sweetgum in charge 13 , all kiln boards dried significantly 
faster than air-dried boards . For sweetgum, ash, and red oak, an analysis 
was made to show that each species had dried at the same rate for each 
charge. Since elm and hickory were dried in only one run , an analysis 
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Figure 9.-Comparison of kiln- and air-drying of sweetgum in kiln charges 13 and 




























Figure 10.-Comparison of kiln- and air-drying of ash in kiln charges 14 and 16 
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Figure 11.-Comparison of kiln- and air-drying of American elm in kiln charge 13 

























Figure 12.-Comparison of kiln- and air-drying of hickory in kiln charge 14 using 
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Figure 13.-Comparison of kiln- and air-drying of red oak in kiln charges 13, 14, 
and 16 using the fixed drying mode. 
freedom from internal and surface check for almost all the species tested, 
is also good. Results are shown below: 
Species Drying Time Checking 
and Kiln Charge Season MC Range J(jln Air-dry Surface Internal 
% (day) % 
Sweetgum (13) Spring 106- 15 19 22 0 0 
Sweetgum (16) Fall 103-15 19 110 + 5 0 
Ash (14) Summer 49- 15 16 93 0 0 
A h (16) Fall 40-15 16 59 0 0 
Elm ( 13) Spring 125-15 17 63 0 0 
Hickory (14) Summer 55-15 18 93 3 0 
Red oak (13) Spring 93-15 24 100 + 13 5 
Red oak (14) Summer 92-15 23 122 6 5 
Red oak ( 16) Fall 82-15 24 100 + 13 0 
In the econd ummer run (kiln charge 15), which dried red oak, white 
oak, and hackberry , a malfunctioning of the circulating fan greatly in-
hibited drying for everaJ day . Both oak took 39 day by kiln-drying 
and 64 day by air-drying. No evere honeycombing occurred; however, 
30 percent of the white oak and 5 percent of the red oak developed some 
internal checking . The checking was attributed to poor air circulation 
inside the kiln during the time of fan breakdown . Surface checks devel-
oped on IO percent of white oak and 18 percent of the red oak boards . 
In this run, hackberry dried from 1 IO percent MC in 25 days, whereas 
in a previou run (kiln charge 3 using only olar mode) it dried from 95 
percent in IO days . 
30 
Summary 
The customary method of drying hardwoods in the southern United 
States has been to air-dry the lumber to 20 percent MC then to kiln-dry 
it. While air drying has the benefit of low cost and substantial energy 
savings, it also has the undesirable aspects of long drying times and 
uncontrollable climatic conditions. The unfavorable environment may be 
adequately controlled in an enclosed and efficient solar kiln. When using 
only solar heat, yellow-poplar lumber dried to 20 percent MC up to three 
times faster than by air-drying. Defects for yellow-poplar in both air-
drying and solar-drying were minimal. When dried to 30 percent MC, 
red oak dried 45 percent faster in the kiln, using only solar energy, 
compared with air-drying. When the dehumidification system was used 
as a supplementary drying source from 35 percent to 30 percent MC, red 
oak dried 52 percent faster than by air-drying. Yellow-poplar can be solar 
dried to 15 percent MC in Louisiana provided unusually poor weather 
conditions are not persistent. It is recommended that high humidity (80 
percent RH) be used until 35 percent MC is reached to prevent defects. 
Solar-drying and high humidity to 35 percent MC is probably sufficient 
to dry hackberry and other easy-to-dry-hardwoods; however, more testing 
is needed to substantiate this point. Below the fiber saturation point, most 
woods dried very slowly by both air-drying and solar-drying methods. 
The best drying schedule for refractory hardwoods included solar en-
ergy at 80 percent RH from green to 35 percent MC, solar heat and 
dehumidification (daytime) from 35 percent to 30 percent MC, wood heat 
and dehumidification (daytime) from 30 percent to 15 percent MC, fol-
lowed by solar heat at 80 percent RH for 24 hours . Optimum drying 
times and fewer defects were obtained by this schedule. Kiln-drying 
following this schedule was faster than air-drying . The difference was 
greater at 20 percent MC than at 30 percent MC. For example, red oak 
dried 45 percent faster to 30 percent MC, and 65 percent faster to 20 
percent MC. The difference in drying time was greatest when drying 
from green to 15 percent MC. Red oak, American elm , ash, and hickory 
all dried to 15 percent MC in less than a third of the time than when air-
dried alone , and sweetgum in half the time. Moreover, by using this 
schedule, individual species dried at approximately the same rate , essen-
tially independent of climatic conditions. 
31 
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